Abstract. Genetically modified tumor cells represent one of the most effective cancer vaccine strategies. In the present study, we describe our approach for inducing an immune response against a colon carcinoma in BALB/c mice, using a Colon 26 tumor cell line expressing Ag85A and CD226. We investigated whether CD226 plays a promotive role for Ag85A against Colon 26 colon carcinoma. The therapeutic efficacy was investigated. The cytotoxic T lymphocyte (CTL) and natural killer (NK) cell cytotoxicity were assessed. Dynamic changes in interferon (IFN)-γ levels in the spleen and the number of IFN-γ-producing CD4 + or CD8 + T cells in the spleen or mesenteric lymph nodes were detected by enzyme-linked immunoabsorbent assay or flow cytometry. Extended survival times, delayed appearances of tumors, and reduced tumor volumes were achieved by preventive vaccination with the Colon 26/Ag85A-CD226 tumor cell vaccine. NK cell or CTL cytotoxicity in the spleens of mice immunized with the Colon 26/Ag85A-CD226 tumor cell vaccine was significantly higher than that in the other treatment groups. The numbers of CD4 + IFN-γ + and CD8 + IFN-γ + T cells were both significantly increased in mice immunized with the Colon 26/Ag85A-CD226 tumor cell vaccine in both the spleen and mesenteric lymph nodes. Our results indicated that the tumor vaccine expressing Ag85A and CD226 induced more intensive antitumor immunity than tumor vaccine expressing Ag85A or CD226 only. Moreover, the results suggest that Ag85A and CD226 play a synergistic antitumor effect and CD226 could be used as a genetic adjuvant to enhance the effects of Ag85A vaccine against murine colon carcinoma.
Introduction
Colorectal cancer (CRC) is the third most common gastrointestinal malignancy worldwide, among which colon carcinoma is more frequent than rectal cancer (1) . In developing countries, CRC is becoming increasingly prevalent, particularly in China (2) . Currently, CRC is the fourth most lethal type of tumor in China (3), causing ~715,000 new cases and 70,000 deaths annually (4) . The prognosis of advanced CRC remains poor, and the estimated 5-year survival rate remains unsatisfactory due to metastasis, which leads to poor outcomes (5) . Currently, conventional treatments, including radical surgery and adjuvant therapies, such as chemotherapy and radiation therapy, have been widely applied to the treatment of CRC; however, the 5-year survival rate remains low, and significant adverse events remain unresolved issues (6) . Accordingly, there is an urgent need to develop novel strategies to manage CRC. Today, tumor immunotherapy for colon cancer is extremely appealing, and cancer vaccines have become an attractive therapeutic option that have the potential to control metastatic disease and prolong the time to recurrence without causing significant side-effects.
Antigen-85A (Ag85A) is a major protein secreted by Mycobacterium spp. that participates in the synthesis of mycolic acid in cell walls (7) and stimulates massive Th1 cell proliferation and cytokine production in humans or mice infected with mycobacteria (8) . Mice vaccinated with Ag85A DNA exhibit elevated IL-2, interferon (IFN)-γ and IgG2a production, as well as increased cytotoxic T lymphocyte (CTL) activity in response to BCG proteins, of which Ag85A is a major component (9, 10) . Numerous studies have shown that vaccination with recombinant Ag85A-DNA induces a vigorous immune response that protects against tuberculosis in mice (11, 12) . We have previously demonstrated that an orally administered Ag85A DNA vaccine induced systemic and mucosal immunity by inducing Th1 type immune responses to provide protection against Mycobacterium tuberculosis infection (13) . In light of the role of Ag85A in inducing cellular immune responses, efforts are being made to apply single Ag85A or recombinant Ag85A DNA vaccines to the treatment of tumors. One study has shown that a recombinant Ag85A and GM-CSF DNA vaccine enhanced antitumor immunity (14) . Our previous study indicated a robust therapeutic effect on bladder cancer through a dendritic cell vaccine designed to evoke immune responses against Ag85A (15) .
CD226 is a transmembrane glycoprotein and member of the immunoglobulin superfamily that is constitutively expressed by the majority of T cells, natural killer (NK) cells, monocytes/macrophages, platelets and megakaryocytes, as well as by a subset of B cells (16) . During T cell priming, CD226-mediated co-stimulatory signals can skew CD4 + T cell differentiation towards the Th1 cell pathway (17) . Additionally, the CD226 molecule itself is an important activated receptor on the surface of NK cells, and is one of the main molecules involved in tumor recognition and NK cell-mediated cytotoxicity (18) . Our recent study indicated that CD226 could be used as a genetic adjuvant to enhance both systemic and mucosal immune effects induced by an Ag85A DNA vaccine in normal mice (19) . To optimize immunotherapy against colon carcinoma, we developed a tumor cell vaccine expressing Ag85A and CD226 and investigated its anti-colon carcinoma efficacy in BALB/c mice.
Materials and methods
Mice and cell lines. Female BALB/c mice (6-to 8-weeks old) were purchased from Liao Ning Chang Sheng Biotechnology Co. (Benxi, China) and housed in pathogen-free conditions. The present study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Ethics Committee of the Animal Experiments of China Medical University. All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering. Yac-1 and Colon 26 cell lines were obtained from the Institute of Biochemistry and Cell Biology (Chinese Academy of Sciences, Shanghai, China), and cultured at 37˚C in 5% CO 2 in a humidified atmosphere in complete RPMI-1640 medium (Thermo Scientific, Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS; Cell Culture Technologies, Tokyo, Japan), 100 U/ml penicillin G sodium and 100 µg/ml streptomycin sulfate (BI Biological Industries, Kibbutz Beit-Haemek, Israel).
Plasmids and primers. The pcDNA3.1-Ag85A and pcDNA3.1-CD226 plasmids were constructed in our laboratory. The CD226-PCR2.1-ToPo plasmid was a gift from Professor Shibuya (University of Tsukuba, Tsukuba, Japan). Recombinant plasmid pcDNA3.1-Ag85A-CD226 was constructed as follows. The CD226 gene was first amplified from plasmid CD226-PCR2.1-ToPo using a regular PCR routine. The amplicon was then inserted into pcDNA3.1-Ag85A to derive the recombinant plasmid pcDNA3.1-Ag85A-CD226. After transformation into E. coli DH5α, the recombinant plasmid DNA was prepared and characterized by digestion using restriction enzymes and sequence analysis. The polymerase chain reaction (PCR) primer sequences were as follows: CD226 forward, 5'-ATAAG AATGCGGCCGCATGGCTTATGTTACTTGGCTTTT GG-3' and reverse, 5'-GCCTAGCGTCTAGATCGAGGTCTT GGTTTTGGTCTTC-3'; Ag85A forward, 5'-TTTCGCGGAT CCAGATGTTTTCCCGGCC-3' and reverse, 5'-CTGTTCGG AATTCGGCGCCCTGGG-3'; β-actin forward, 5'-TTCTTGG GTATGGAATCCTGTG-3' and reverse, 5'-GAGGAGCAATG ATCTTGATCTT-3' . treatment with 100 µg/ml mitomycin C (Inalco SPA, Milan, Italy) three times at weekly intervals in the same flank that was initially challenged with Colon 26 cells. The five groups of mice included a normal control, pcDNA3.1, Ag85A, CD226 and Ag85A-CD226 group. Tumor growth was monitored by observing the onset of subcutaneous tumors and measuring two perpendicular tumor diameters using Vernier calipers. After onset, the tumor volume, tumor weight and percent survival (over a 70 day period) were evaluated. Tumor volume (V) was calculated using the formula:
2 , in which L (mm) and W (mm) indicated the length and width of the tumor, respectively. One week after the final immunization, the mice were euthanized and sera, splenocytes and peripheral lymph node cells were isolated. Tumors were removed by dissection and fixed in 10% formalin.
Histopathological analysis. The formalin-fixed tissues were embedded in paraffin and then sectioned for hematoxylin and eosin (H&E) staining and immunohistochemical analysis of tumors using a SABC-AP (rat IgG) immunohistochemical staining kit (Boster, Wuhan, China) according to the manufacturer's protocol. Sections were washed with phosphate-buffered saline (PBS) twice for 5 min/wash. After blocking with 0.1 mg/ ml BSA for 20 min at room temperature, the sections were incubated with monoclonal rat anti-mouse CD8 (LifeSpan BioSciences, Seattle, WA, USA) or monoclonal rat anti-mouse CD4 (Santa Cruz Biotechnology) at 4˚C overnight. Sections were washed three times with PBS and then incubated with biotin-rabbit anti-rat IgG for 20 min at 37˚C. Subsequently, the sections were incubated with SABC-AP secondary antibody for 20 min at 37˚C. Slides were viewed using a microscope at a magnification of x400; 10 high-power fields containing the positive cells were randomly selected, and the average number of positive cells was determined by counting. Tumor samples were analyzed to detect the ratio of apoptotic cells by the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling (TUNEL) method, using an apoptosis In Situ Detection kit (Wako Pure Chemical, Osaka, Japan), according to the manufacturer's instructions. TUNEL-positive cells were stained by DAB. The frequency of DAB-positive cells is shown, and the average percentage of DAB-positive staining was quantified from 10 randomly selected high-power fields (magnification, x400) of each section using ImmunoRatio or blinded manual cell counting (20) .
CTL and NK cell CFSE/PI cytotoxicity assays using flow cytometry. The NK cell cytotoxicity assay was preformed as follows, and was based on protocols described elsewhere (21, 22) . Briefly, Yac-1 cells (used as target cells) in the logarithmic growth phase (2x10 7 cells/ml) were resuspended and labeled with 2.5 µM fluorescein-based dye 5-(and -6)-carboxyfluorescein diacetate succinimidyl ester (CFSE; eBioscience, San Diego, CA, USA), and then incubated in RPMI-1640 medium (Thermo Scientific) containing 10% FBS at 37˚C under 5% CO 2 for 15 min in a 1 ml volume. After the incubation, 1 ml FCS was added to stop the reaction. The cell suspensions were centrifuged for 5 min at 400 x g, washed twice with PBS and resuspended in RPMI-1640 at a final concentration of 2x10 5 cells/ml. Splenocytes (used as effector cells) were purified from the immunized mice 1 week after the third immunization, enriched from the splenic homogenate using a Ficoll gradient (Sigma) and resuspended at a final concentration of 1x10 6 cells/ml. The effector (E) and target (T) cells were added together to yield an E:T ratio of 5:1, and were incubated at 37˚C under 5% CO 2 for 4 h. After incubation, the tubes were mixed gently, placed on ice and 4 µl propidium iodide (PI; 1 µg/l, final concentration; Sigma-Aldrich, St. Louis, MO, USA) was added to each tube for 10-15 min. Finally, the samples were analyzed by flow-cytometry within 60 min. All samples were analyzed on a FACSCalibur (Becton-Dickinson, San Diego, CA, USA), and flow cytometry data were analyzed using WINMDI 2.9 software. During data acquisition, a 'live gate' was set on the CFSE-stained target cell population using an FL1-histogram, and the CFSE-stained target cells were further gated on the PI-stained target cell population using an FL3-histogram.
The percentage of specific target cell death (cytotoxicity) was expressed as: {[dead target cells in the sample (%) -spontaneously dead target cells (%)]/100% -spontaneously dead target cells (%)} x 100. Control tubes containing target or effector cells alone were also assayed to facilitate the gating and marker settings. The fraction of target cells that spontaneously died was determined based on the number of target cells labeled with CFSE and incubated without effector cells for 4 h.
The CTL cytotoxicity assay was preformed as follows. Briefly, 5x10 6 murine splenocytes (used as effector cells) were resuspended in 10% RPMI-1640 medium in 24-well plates, and then were incubated for 72 h with 5x10 4 Colon 26 cells inactivated with mitomycin C (100 µg/ml). Additionally, 10 ng rIL-2 (R&D Systems, Minneapolis, MN, USA) was added to all wells except for the control samples with target cells alone. Cells were isolated from the splenic homogenate using a Ficoll gradient, and then were rinsed extensively with complete RPMI-1640 (1x10 6 cells/ml, final concentration) and used in the CTL cytotoxicity assay. Colon 26 cells (2x10 5 cells/ml, final concentration) were used as target cells. The operation process and analysis methods were the same as for the NK cytotoxicity assay.
ELISA assay analysis. At 0, 1, 2, 3 and 4 weeks after immunization, some mice were euthanized and splenocytes were isolated. Splenocytes (2x10 7 cells/ml) purified from the immunized mice were stimulated with 5 µg/ml ConA in 24-well plates and were incubated for 72 h with 2x10 4 Colon 26 cells inactivated with mitomycin C (100 µg/ml). The levels of IFN-γ in the culture supernatants were determined using enzyme-linked immunoabsorbent assay (R&D Systems) according to the manufacturer's instructions. Absorbance was measured at 450 nm using a microplate reader (Thermo), and the concentration of IFN-γ was calculated using the software SoftMax Pro 4.3.1 LS.
Intracellular cytokine staining. Splenocytes and peripheral lymph node cells (2x10 6 cells/ml) were isolated from the immunized mice. Cells were incubated for 72 h with 5x10 4 Colon 26 cells inactivated with mitomycin C (100 µg/ml) and then stimulated with 50 ng/ml PMA and 1 µg/ml ionomycin (Sigma) in the presence of 2 µM monensin (BD Biosciences, San Jose, CA, USA) for 5 h. Cells were harvested and stained with Fcγ receptor-blocking mAb (CD16/32; BD Biosciences), and then stained with fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD4, PE-conjugated rat anti-mouse CD8 and PE/Cy7-conjugated rat anti-mouse CD3 (all from Biolegend, San Diego, CA, USA) at 4˚C for 30 min. FITC mouse IgG2a, κ; PE rat IgG2a, κ; and PE/Cy7 rat IgG2b, κ (Biolegend) were used as isotype controls. Cells were washed with PBS three times, fixed with fixation buffer at 4˚C for 20 min, permeabilized with the appropriate solution at room temperature for 20 min, and then stained with APC-conjugated rat anti-mouse IFN-γ; APC-rat IgG1, κ (both from Biolegend) was used as an isotype control. The percentage of IFN-γ-secreting CD4 + and CD8 + T cells was determined using a FACSCalibur flow cytometer (Becton-Dickinson) and WINMDI 2.9 software.
Statistical analysis. Results are expressed as means ± SD. The statistical significance of differences between groups was analyzed by two-tailed independent Student's t-tests. The one-way ANOVA analysis was performed when more than two groups was compared. Analyses were performed using GraphPad Prism 5.0 statistical software package (Graph Pad Inc., USA). In all instances, p<0.05 was considered to indicate a statistically significant result.
Results

Expression of CD226 and Ag85A in Colon 26 cells.
The recombinant pcDNA3.1-Ag85A-CD226 plasmid was constructed and characterized by endonuclease digestion and DNA sequencing (data not shown). The expression of Ag85A and CD226 in the pcDNA3.1-Ag85A-CD226 plasmid was confirmed by RT-PCR and western blotting after stable transfection of the recombinant plasmid into Colon 26 cells. Both CD226 and Ag85A were successfully expressed at both the mRNA and protein levels in the Colon 26 cells (Fig. 1A and B) .
Therapeutic efficacy against Colon 26 tumors using a Colon 26/Ag85A-CD226-pcDNA3.1 tumor cell vaccine.
We investigated the therapeutic tumor efficacy of a tumor vaccine expressing Ag85A and CD226. We detected a noticeable effect of the antitumor immune therapy in mice immunized with the Colon 26/Ag85A-CD226 tumor cell vaccine. Under the same experimental conditions, measurable tumors were detected in all mice injected with 5x10 6 inactivated Colon 26 cells on day 28. We found that the volume and weight of tumors were the smallest in the Colon 26/Ag85A-CD226 cell vaccine group when compared with the Colon 26 cell vaccine group, Colon 26/pcDNA3.1 cell vaccine group, Colon 26/Ag85A cell vaccine group or Colon 26/CD226 cell vaccine group on day 28 ( Fig. 2A-C) . Based on our previous study, 2x10 6 Colon 26 cells in logarithmic grown phase were inoculated into BALB/c mice, which usually generated a palpable tumor in ~7 days. However, the tumor growth was not palpable in all mice treated with the different tumor cell vaccines until 11 days into the observation, except for the Colon Tumor histopathology analysis. Tumor tissues were fixed and stained. H&E staining of the tumor sections showed the active growth of tumor cells, with obvious nuclear division and rich vessels in both the Colon 26/pcDNA3.1 and Colon 26 tumor cell vaccine groups (Fig. 3A-a and -b) . In the Colon 26/CD226 tumor cell vaccine group, tumor cells grew slowly and few inflammatory cells infiltrated the tumor tissues (Fig. 3A-c) . In the Colon 26/Ag85A tumor cell vaccine group, the infiltration of inflammatory cells was increased appreciably and central necrosis was noticeable in the tumor tissues ( Fig. 3A-d) . In the Colon 26/Ag85A-CD226 tumor cell vaccine group, massive numbers of inflammatory cells infiltrating the tumor tissues could be observed, massive necrosis in tumor tissues was visible and the tumors had obviously shrunk, experienced ordered rarefaction and had degenerated (Fig. 3A-e) . The TUNEL staining results indicated that the maximum percentage of apoptosis could be detected in the samples from the Colon 26/Ag85A-CD226 tumor cell vaccinetreated mice (Fig. 3B and C) . The immunohistochemical staining results indicated that the infiltration of CD4 + or CD8 + T cells increased significantly in the tumor tissues of the Colon 26/Ag85A-CD226 tumor cell vaccine group compared with that in other tumor cell vaccine groups ( Fig. 3D and E) . Histopathology analyses suggested that the Ag85A and CD226 genes alone or in combination induced a cellular immune response against colon carcinoma cells, and that the antitumor effect induced by the Colon 26/Ag85A-CD226 tumor cell vaccine was the strongest.
Detection of NK cell and CTL cytotoxicity in splenocytes.
To examine whether the CTL and NK cell cytotoxicity was enhanced in mice vaccinated with the Colon 26/Ag85A-CD226 tumor cell vaccine, splenocytes from each group were purified at day 7 after the third immunization. We found that the NK cell cytotoxicity of splenocytes from the mice immunized with the Colon 26/Ag85A-CD226 tumor cell vaccine was significantly greater than that of the Colon 26/Ag85A, Colon 26/CD226, Colon 26/pcDNA3.1 or Colon 26 tumor cell vaccine treated mice (p<0.01; Fig. 4A and C) . The experimental results of CTL cytotoxicity were consistent with that of NK cell cytotoxicity (p<0.01; Fig. 4B and D) . The findings suggested that the Colon 26/Ag85A-CD226 tumor cell vaccine induced the generation of the strongest NK cell and CTL cytotoxicity in mice.
IFN-γ levels in splenocytes immunized with the Colon 26/
Ag85A-CD226 tumor cell vaccine. We found that IFN-γ levels in splenocytes gradually increased from 1 to 4 weeks of immunization in the mice treated with the various tumor cell vaccines (Fig. 5) . The IFN-γ levels in splenocytes from mice immunized with the Colon 26/Ag85A-CD226 or (Fig. 6) , indicating that the Colon 26/Ag85A-CD226 tumor cell vaccine enhanced a Th1 cell-dominated antitumor immune response.
Discussion
In immunotherapy, antitumor vaccines represent one of the most promising therapeutic strategies. To enhance the immune response, cancer vaccines are usually administered with adjuvants, such as co-stimulatory molecules and are often combined with cytokines, such as granulocyte macrophage colony-stimulating factor (GM-CSF) or interleukin (IL)-2 (23). Recently, genetically modified cells have been shown to be one of the most effective cancer vaccine strategies, which has been applied to various types of cancer in preclinical models, including some that are being tested in clinical trials (24) (25) (26) . The Colon 26 cell vaccine expressing Ag85A and CD226 in the present study was designed to evaluate the inclusion of Ag85A as an immune enhancer, yet also takes into account the role of CD226. As a co-stimulatory and adhesion molecule in the activation and proliferation of T cells, CD226 promotes the initial differentiation of T to Th1 cells and boosts CTL cytotoxicity (17, 27) . In cancer immunotherapy, the general concept is that a Th1 cell skewed response directed against a tumor is favorable. The Th1 cell response leads to the activation of tumor-specific CTL that are capable of killing or impairing the proliferation of tumor cells (28) . One study of a colon cancer vaccine has shown that Th1 cell responses are essential in cancer immunotherapy and indicates the therapeutic potential of a vaccine (29) . These different therapeutic Colon 26 colon tumor efficacies in mice indicated that tumor appearance was delayed, tumor growth was inhibited, tumor volume and weight were decreased and the survival time of the tumor-bearing mice was extended, particularly in the Colon 26/Ag85A-CD226 tumor cell vaccine group. We speculated that the therapeutic effects that we observed in mice depended mainly on immune responses, in particular an enhanced Th1 cell-dominated cellular immune response. This model is supported by the enhanced NK cell and CTL cytotoxicity, increased IFN-γ levels in splenocytes and more abundant CD4 In summary, the present study demonstrated that the tumor vaccine with co-expression of CD226 and Ag85A induced more intensive antitumor immunity than the tumor vaccine expressing Ag85A or CD226 only. Our investigation suggests that Ag85A and CD226 play a synergistic role in anti-Colon 26 colon carcinoma immune responses and CD226 could be used as a genetic adjuvant to enhance the effects of the Ag85A vaccine against tumors. Our findings establish a new strategy for the development of a novel vaccine against colon carcinoma.
